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PROBABLE MAXIMUM PRECIPITATION ESTIMATES, UNITED STATES EAST
OF THE 105TH MERIDIAN

Louis C. Schreiner and John T, Riedel
Office of Hydrology
NOAA, National Weather Service, Silver Spring, Md.

ABSTRACT. Generalized estimates of Probable Maximum Precip-
itation, the greatest rainfall rates for specified durations
theoretically possible, are presented for the United States
east of the 105th meridian, They are all-season estimates,
that ig, the greatest for any time of year, for drainages
from 10 to 20,000 mi2 (26 to 51,800 km2) for durations of

6 to 72 hours. Details of the procedures and methods used
for developing these estimates are described.

1. INTRODUCTION
1.1 Background

Generalized charts setting the level of all-season Probable Maximum
Precipitation (PMP) for drainages up to 1,000 miZ? (2,590 km2), covering
the United States east of the 105th meridian, have been available since
1947 (U.S. Weather Bureau 1947) and the seasonal variation since 1956
(Riedel et al, 1956), These studies have been used extensively by the
Corps of Engineers, other Federal agencies, State and local governments,
private engineers and meteorologists, Because of increased interest
in projects involving large drainages, it was found necessary to extend
estimates to areas greater than 1,000 mi2 (2,590 kmz). At the same time
it was necessary to revise the small area, less than 1,000 mi2 (2,590 kmi)
study in order to appropriately consider all important historical storms;
for example, the Yankeetown, Fla. storm of September 3-7, 1950, The areal
depths for this storm were not available when the 1956 study was prepared.

1.2 Assignment

Discussions concerning the need for the generalized PMP charts for large
areas were held at a meeting with representatives of the Office of the
Chief, Corps of Engineers, at Phoenix, Ariz., May 17-20, 1971. Authorization
for the revision of the previous small-area study and coordination of the
results with the extension to larger areas stemmed from a meeting with
representatives of the Office of the Chief, Corps of Engineers at Silver
Spring, Md., September 19, 1974.



1.3 Definition of PMP

PMP is defined as 'the theoretically greatest depth of predipitation
for a given duration that is physically possible over a particular drainage
area at a certain time of year," (American Meteorological Scciety 1959),
In consideration of our limited knowledge of the complicated processes and
interrelationships in storms, PMP values are identified as estimates.

Another definition of PMP more operational in concept is "“the steps followed
by hydrometeorologists in arriving at the answers supplied to engineers for
hydrological design purposes" (WMO 1973). This definition leads to answers
deemed adequate by competent meteorologists and engineers and judged as meet-~
ing the requirements of a design criterion.

1.4 Scope

This study can be used to determine drainage average all-season PMP for
any drainage from 10 to 20,000 mi? (26 to 51,800 km2) in area for durations
of 6 te 72 hours in the United States east of the 105th meridian. In north-
exrn portions of the region, all-seagson PMP may not yield the probable maximuym
flood. Critical spring soll conditions with snow on the ground, in combina-
tion with spring season PMP values, may yield greater flood peaks.

1.4.1 Generalized vs, Individual Drainage Estimates

The PMP values of this study are termed generalized estimates. By this
we mean 1solines of PMP are given on a map allowing determination of average
PMP for any drainage.

Through the years, the Hydrometeorological Branch has determined PMP esti-
nates for individual drainages. This was done: (a) if generalized PMP
studies were not available, (b) for drainages larger in size than covered
by available generalized PMP studies, or (c¢) for drainages such as in the
Appalachians, where detailed studies indicated orographic effects would yield
PMP estimates significantly different from those determined from avallable
generalized PMP charts, Some of the more substantive studies have been pub-
lished, The more recent ones cover drainages of the Red River of the North
and Souris River (Riedel 1973), the Colorade and Minnesota Rivers (Riedel
et al. 1969), the Tennessee River (Schwarz 1965, and Schwarz and Helfert
1969) and the Susquehanna River (Goodyear and Riedel 1965), These and other
unpublished individual drainage PMP estimates made by the Hydrometeorological
Branch may take precedence over estimates obtained from generalized PMP
studies of this report because the individual drainage studies take into
account orographic features that are smoothed out in this study. On the
other hand, due to passage of time, individual drainage studies will not
necessarily include recent storm data and advances in meteorological concepts.
It is not practical to evaluate all the individual drainage PMP estimates at
this time, We suggest a decision be made on a case-by—case basis as needed.



1.4.2 Stippled Regions on PMP Maps

The generalized PMP maps (figs. 18-47) are stippled in two regioms, (a)
the Appalachian Mountains extending from Georgia to Maine and (b) a strip
between the 103rd and 105th meridian. This stippling outlines areas within
which the generalized PMP estimates might be deficient because detailed
terrain effects have not been evaluated.

In developing the maps of PMP, it was sometimes necessary to transpose
storms to and from higher terrain. Determination of storm transposition
limits (section 2.4,2) took into account topography homogeneity in a general
sense, thereby avoiding major topographic considerations. However, regional
analysis required definition across mountains such as the Appalachians.

For such regions, the assumption was made that the reduced height of the
column of moisture available for processing (section 2.3.2) at higher eleva-
tions is compensated by intensification from steeper terrain slopes.

In contrast to the use of these simplifying assumptions, studies of FMP
covering portions of the Western States (U.S. Weather Bureau 1961, 1966,
and Hansen et al, 1977) and the Tennessee River drainage (Schwarz and Helfert
1969) do take into account detailed terrain effects. A laminar flow orographic
precipitation computation model, useful in some regions where cool~season
precipitation is of greatest concern, gives detailed definition for some
of the Western States., For the Tennessee River drainage, nomorographic PMP
was adjusted for terrain effects by consideration of numerous different rain-
fall criteria, taking into account meteorological aspects of critical storms
of record.

We expect future studies of the Hydrometeorological Branch will involve
detailed generalized studies covering the stippled regions. Until these
studies are completed, we suggest that major projects within the stippled
regions be considered on a case-by-case basis as the need arises.

1.5 Application of Drainage PMP Values

The results of this study are drainage average PMP depths for the designated
durations (6 to 72 hours) without specifying a time sequence for occurrence
of 6-hr incremental PMP values, A companion report (Hansen and Schreiner)
to this study covers methods for spatially distributing the most important
6-hr PMP increments. It also gives meteorologlcal reasonable time sequences
of the 6<hr PMP increments from the beginning of the PMP storm, Additionally,
shape and orientation of isohyetal patterns are discussed.

2, APPROACH TO GENERALIZED PMP
2.1 Introduction
The basic approach used in developing PMP estimates has been described

in numerous publications (WMO 1973, Wiesner 1970, WMO 1969a, Paulhus and
Gilman 1953, and U.S. Weather Bureau 1960), The first reference contains



the most comprehensive discussion., For nonorographic regions, the approach
may be briefly summarized by three operations on observed areal storm precip-
itation: moisture maximization, transposition, and envelopment.

Moisture maximization consists of increasing the storm precipitation to
a value that is consistent with the maximum moisture in the atmosphere for
the storm location and month of occurrence.

Transposition means relocating storm precipitation within a region that
is homogeneous relative to terrain and meteorological features important
to the particular storm rainfall. Transposition greatly increases the avail-
able data for evaluating the rainfall potential for a drainage,

Envelopment is smoothly interpolating between the maxima from a group of
values for different durations and/or areas. Such smooth enveloping curves
in many cases may give greater values for some durations or area sizes than
obtained from only moisture maximization and transposition. In addition,
envelopment over a region entalls smooth geographic variation of moisture
maximized and transposed rainfall values obtained from numerous storms.

Such smoothing compensates for the random occurrence of large rainfalls,

in that a drainage may not have experienced equally efficient precipitation
mechanisms for all pertinent durations and sizes of areas., Envelopment also
gives regionally consistent mapped values; unless differences can be explained
meteorologically or topographically, anomalies should be avoided. Methods

of envelopment applied in this report are explained in section 3.

2.2 Basic Data
2.2,1 Sources

The basic data for this study are maximum observed areal precipitation
depths for various durations. These data are developed by a standardized
depth-area-duration (D-A-D) analysis of point precipitation amounts. The
procedure used for D-A~D analysis can be found in several publications {(WMO
1969b and U.S. Weather Bureau 1946).

For the United States, over 500 storms have been so analyzed, and the
pertinent data, that is, the maximum areal depths, have been published {Corps
of Engineers, U.S. Army 1945-). Canada has made similar analysis for over
400 storms (Atmospheric Environment Service 1961-), Some of the Canadian
storms were useful in the present study. Storm rainfalls from these sources
were augmented by unofficial storm D-A-D values developed by the Hydro-
meteorological Branch or found in the literature (Shipe and Riedel 1978).

The appendix chronologically lists observed rainfall depths for the
important storms of this study. These were most influential in setting the
level of PMP for at least one combination of area size and duration. Figure
1 shows the locations of these storms along with other storms discussed in
the text. Storms mentioned in the text, listed in the appendix, or shown
in various figures are identified by a storm index number. In the text,
this number is in parenthesis following reference to the storm. For storms



Storm
Index

Storm
Assignment
M.

OR 9-19
SA 1-1
MR 4-3
Usy 1-2
HR 1-78
SH 3-3
LMV 2-%
GL 4-5
GL 2-12
oM -5
MR 5-13
Gn 3-14
=W 1-11
UMy 1-113
MV 3-12
GL 2-14
SA -9
GH 5-15B
ME 4-2]
GM 4-12
MR 4-23
MR 4-24
HA 1-17
My 2-20
GH 5-1
NA 1-20A
HA 1-IIB
SW 2-11
LMV 4-21
MR 3-28A
GH 5-20
HA 1-27
ME 4-%5
NA -3
5W 2-18
MV 1-22
COR 9=23
SA 1-28n
SW 2-20
MR 5-15
MR T-2B
5h 5-8
ME 10-2
MR 13-8
oW 3-22
oeT 10-54
HA 2-22A
QUE 8-57
5W 3-213
W 3-24
HA 2-23
NA Z-24p

Date
9/10-13/1874
5,/30-6/1 /1889
6/4=1/189
7/18-22/1637
1/26-29/1897
6/27-7/1,189%
4/15-18/1900
10/7-11/1503
6/3-B/1305
6/9-10/1905
6,/6-8,/1306
8/4-6/1306
10/19-24,/1908
7/18-21/1%a9
3/24-28/1914
8/31-2/1/1914
7/13-17/1916
9/15-17/101%
6/17-21/1921
9/8-10/1921
9/27-10/1/14923
9/17-19/1926
11/2-4/1927
3/11-16/1929
6/30-7/2/1932
9/16-17/1932
9/16=17/1832
4/3-4/1934
5/16=20/1835
5/30-31/1925
5/30=31/1045
5/31/1935
7/6=10/1935
€/19-20/193%
6/1=471940
9/1/1940
9/2-E/2040 .
8/28-31/1941
7/11-18/1942
10/11-17/1942
5/6-12,/1343
6/10-13/10d44
8/12-16/1%45
6/23-24/194B
8/3-7/1950
7/4=1371951
6/1/1953
6/23-28/1954
10/14-15/1954
8/17-20/1955
8/3-4/1957
6/13-20/1965
9/19-24/1967
B/19-20/196%
5/19-23/1972
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NUMBER

Figure

1.--Location of storms.

[Storms o

(sections 2.4.5 and 3.2.3),

f appendix (sec;tion 2.2.1}, others mentioned in text
and those within 10 percent of PMP (section 4.1)1]




shown in figures or listed in the appendix, a storm assignment number is
also given, This number is either assigned by the Corps of Engineers (for
U.5. storms) or the Atmospheric Enviromment Service (for Canadian storms),
Those storms without a storm assignment number refer to unofficial rainfall
data accumulated by the Hydrometeorological Branch.

2.2.2 Variation in Rainfall Data with Duration and Area Size
Table 1 shows the number of United States storms east of the 105th meridian,

for which areal rainfall depths have been analyzed for listed area sizes
and durations.

Table 1,~-Number of analyzed storms east of the 105th meridian, with areal
rainfall depths for indicated area sizes and durations.

Area Duration (hr)

w12 (kn?) 6 12 24 48 72
10 (26) 496 482 456 356 187

200 (518) 521 508 483 376 201
1,000  (2,590) 567 555 533 419 234
5,000 (12,950) 528 526 517 417 262
10,000  (25,900) 489 489 486 406 263
20,000  (51,800) 396 396 396 351 242

One would expect a decrease in basic data with increasing area size and
increasing duration. With respect to duratiom, it is easy to show that
the storms that last 6 or 12 hours are much more numerous than storms that
last beyond 12 hours. Similarly, we know that many storms cover only a
small area, e.g., summer thunderstorms.

There are several reasons why table 1 does not fully show this variation.
There has been more need for maximum precipitation criteria over small areas,
i.e., drainages less than 1,000 mi2 (2,590 km2); therefore, analysis of storms
covering these areas has been emphasized. In the construction of table 1,

a storm was not counted if the rainfall ceased to increase with increasing
duration, Often for large-area storms, the small-area precipitation is con-
centrated in a shorter duration than the total storm period. This permits
more values to be listed for large areas and long durations.

Another reason for the variation shown in table is_that a special effort
was made to augment basic data for areas of 1,000 mi? (2,590 kmz) and larger,
particularly in regions with few analyzed storms., In the effort to obtain
additional storm data, short-cut procedures were used, such as using only
recording raingages for determining the time variation of rainfall, If re-
cording raingages are well spaced, the results are quite similar to those



obtained by standard procedures (WMO 1969b and U.S. Weather Bureau 1946).
A few of these additional storms were important in setting the general level
of PMP,

2.2.3 Point Rainfall vs. 10-mi2 (26-km>) Average Rainfall

This study estimates PMP for drainage sizes down to 10 m12 {26 kmz). The
basic data (Corps of Engineers, U.S. Army 1945~) often use point rainfall
as 10-mi2 (26—km2) rainfall in D-A-D analyses, This is done in order to
at least partially compensate for the slim chance of "catching" the most
intense rainfall in any storm, The questlion may then be raised as to whether
PMP for areas less than 10 mi2 (26 km?) would be greater than the 10-mi2
(26-km2) values of this report. This is answered by the fact that with few
exceptions the critical values establishing the PMP magnitude for 10 mi?
came from 10-mi2 (26-km ) average rainfalls rather than single station amounts.
This indicates that PMP for areas smaller than 10 mil (26 km2) would be
greater than the 10-m12 (26-km ) values in this report,

2.3 Moisture Maximization
2.3.1 Definition - Concept

Moisture maximization refers to the process of Increasing storm rainfall
depths for the storm location and season, for higher atmospheric moisture
than was available in the actual storm.

Significant precipitation results from lifting moist air. Processes
causing this lifting, associated with horizontal convergence, have been de-
scribed in numerous texts. Various attempts at developing a model that will
reproduce extreme rainfalls are hampered by the lack of sufficient data within
storms to adequately check the magnitudes of horizontal convergence, vertical
motion, and other parameters. Since measurements of these parameters during
severe storms are not readily obtainable, the solution has been to use extreme
record storm rainfalls as an indirect measure of parameters, other than moist-
ure, that are important to such events.

We thus adjust storms of record to the equivalent of what would have
occurred with maximum moisture and make the following assumption: The sample
of extreme storms is sufficiently large so that near optimum "mechanism"

{(or efficiency) has occurred. By "mechanism" is meant a combined measure

of all the important parameters to rainfall production, except moisture.

The assumption thus circumvents a quantitative evaluation of "mechanism"

and results in increasing storm rainfall occurring with assumed near optimum
"mechanism" by an adjustment for maximum moisture,

In our use of the term mechanism, we do not include lifting by terrain.
For PMP studies in the Western States, augmentation or depletion by terrailm
is taken in account (U.S., Weather Bureau 1966, and Hansen et al, 1977).
Over most of the region of the present study the terrain effect is small.
Sections 1.4.2 and 2.4.5 discuss how the more important terrain features
were considered.



2.3.2 Atmospheric Moisture

The best measure of atmospheric moisture can be obtained from radiosonde
observations. Soundings, giving the variation of moisture with height, are
available for about 100 stations in the United States for 20 years, However,
radlosonde data alone cannot be used for several reasoms. First, many extreme
storms occurred before the radiosonde network was established, Second, the
radiosonde network is much too sparse to detect narrow tongues of moisture
(Schwarz 1967) that are important to many storms. The solution is to use
surface dew points, which are observed at many stations, as indices to
atmospheric moisture. A saturated pseudo-adiabatic atmosphere is assumed,
tied to surface dew points, which fixes the moisture and its distribution
with height in the atmosphere. Tests have shown that the moisture thus
computed is an adequate approximation to atmospheric moisture in major storms
or for high dew point situations (Miller 1963),

Two dew points are required for moisture maximization. One is the dew
point representative of moisture inflow during the storm. The other is the
maximum dew point for the same location and time of year as the storm. Both
storm and maximum dew points are reduced pseudo-adiabatically to 1000 mb
(100 kPa) in order to normalize for differences in station elevations.

The measure of atmospheric moisture used is precipitable water (wp). This
is the depth of water vapor condensed into liquid in a column of air of unit
cross section, For a saturated pseudo-adiabatic atmosphere, tables have
been prepared (U.S. Weather Bureau 1951) giving Wy values based on 1000-mb
(100-kPa) dew points.

Both storm and maximum dew points are usually taken as the highest value
Persisting for 12 hours. Instantaneous extreme dew point measurements may
not be representative of inflow moisture over a significant time period.
Also, taken over a duration, the effect of possible errcneous instantaneous
dew point values 18 reduced,

The depth of precipitable water to use for adjustments was considered (U.S.
Weather Bureau 1947) in a convergence storm model. Formation of cumulusg
clouds suggested division of the model into 3 layers; the lower inflow layer,
the center with vertical motion, and the upper or outflow layer. It was
found that the moisture adjustment did not change appreciably when various
different proportional heights were assumed for these 3 layers, It was also
determined that the height of the model [whether 400 or 200 mb (40 or 20
kPa)] did not materially change the moisture adjustment. Tests also indicated
that the moisture adjustment is basically the same whether total wp or effec-
tive Wp 18 used. The effective Wp 18 the inflow layer wp minus the outflow
layer Wp.

2.3.3 Representative Storm Dew Point
Dew points are selected in the warm moist air flowing into the storm. Both

distance and direction of the dew points from the rainfall center are record-
ed. An average dew point value from several stations is considered to give



the best estimate., Care must be used to ensure that dew point observations
are taken only within the moist tongue involved in the heavy precipitation
(Schwarz 1967). The time sequence of dew points from each station is reduced

to 1000 mb (100 kPa) before averaging., After averaging, the highest persisting
12-hr value is selected.

2,3.4 Maximum Dew Point

Maximum dew points are generally the highest dew points observed for
a given location and time of year, These dew points are based on seasonal
and regional envelopes of maximum observed surface dew points that have
persisted for 12 hours, reduced to 1000 mb (100 kPa) at many stations
(Environmental Data Service 1968),

We adjust the storm to the maximum dew point 15 days from the storm date
into the warmer season except for cases accompanied by unusually cold air
judged to be dynamically significant to the rainfalls. Moisture maximization
adjustments are increased by up to 10 percent due to the 15-day transposition,

2.3.5 Moisture Adjustment

Moisture maximization is accomplished by multiplying observed rainfall
by the moisture adjustment, which is the ratioc of w, for the maximum 1000-
mb (100~kPa) 12-hr persisting dew point to the w. for the storm 1000-mb
(100-kPa) 12-hr persisting dew point, This maximization expressed math-
ematically is:

w_ Maximum

P x = moisture-adjusted rainfall
w_ Storm
P
where P = observed rainfall
wb = precipitable water. Maximum refers to enveloping

highest observed w, and Storm refers to storm Wpe
(Both dew points are for the same location,)

2,3.6 Elevation and Barrier Considerations

Where there is a significant mountain barrier between the moisture source
and rain location, or the rain occurs at a high elevation, a refinement
to the moisture adjustment is usually applied. In such cases, mean elevation
of the barrier ridge, or elevation of the rainfall rather than the 1000-
mb (100-kPa) surface, is used as the base of the column of moisture. Section
2.4,5 discusses refinements to the moisture adjustment applied to large-
area storms transposed in the gentle upslope region. Section 1,4.2 discussed
the extent of orographic considerations used in this study. The location
of representative storm dew points (usually toward a coast and at lower
elevations) and restrictions to storm transposition (section 2.4,.2) generally
eliminated the need for using elevations in the moisture adjustment.
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2.4 Transposition
2.4.1 Definition

Transposition means relocating isohyetal patterns of storm precipitation
within a region that is homogeneous relative to terrain and meteorological
features important to the particular storm rainfall under concern.,

2.4.2 Transposition Limits

Topography is one of the more important controls on limits to storm trans-
position, If observed rainfall patterns show correspondence with underlying
terrain features, or indicate triggering of rainfall by slopes, transposition
should be limited to areas of similar terrain. Identification of broadscale
meteorological features is important, €.g., surface and upper air high and
low pressure centers that are assoclated with the storm, and how they inter-
act to produce the rainfall. Also useful in determining transposition limits
are storm isohyetal charts, weather maps, storm tracks and rainfalls of
record for the type of storm under consideration, and topographic charts.

The more important guidelines to storm transposition for this study were:

a., Transposition was not permitted across the generalized Appalachian
Mountain ridge.

b. Tropical storm rainfall centers were not transposed farther away from
nor closer to the coast without an additiomal adjustment (section 2.4.4),

¢. In regions of large elevation differences, transpositions were restrict-
ed to a narrow elevation band (usually within 1000 ft (305 m) of the elevation
of the storm center).

d. Eastward limits to transposition of storms located in Central United
States were the first major western upslopes of the Appalachians,

€. Westward transposition limits of storms located in Central United States
were related to elevation, This varied from storm—to-storm but in most cases
the 3000- or 4000-ft (915- or 1220~m) contour.

f. Southern limits to transposition were generally not defined since other
storms located farther south usually provided higher rainfall values,

g. Northward limits were not defined if they extended beyond the Canadian
border (the limits of the study region).
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2.4.3 Transposition Adjustment

The transposition adjustment applied to releocated rainfall values is the
ratio of wp for the maximum 12-hr persisting dew point for the transposed
location to that of the storm in place. The maximum dew point is for the
game distance and direction from the transposed location as the storm
representative dew point is from the storm location (section 2.3.3).

2.4.4 Distance-From-Coast Adjustment for Tropical Storm
Rainfall

The general decrease in tropical storm rainfall with distance inland is
well known. It is attributed to the difficulty of maintaining the same
rainfall intensity as distance from the moisture source increases, and the
deterioration of the tropical circulation with increasing distance inland.,
The usual transposition methods (section 2.4.3) provide little or no decrease
in tropical storm rainfall when such storms are transposed farther inland.
This is because the maximum 1000-mb (100-~kPa) 12-hr persisting dew point
charts (Environmental Data Service 1968) for the tropical storm season show
little or no variation for up to approximately 550 mi (885 km) inland from
the gulf coast. Therefore, an adjustment for distance from the coast was
determined specifically for tropical storms when they were transposed inland.

A study (Schwarz 1965) developed a relation showing the decrease in tropical
rainfall with distance [coast to 300 n.mi. (556 km)] inland. The relation
was based on both observed and moisture-maximized tropical rainfall data
for several area sizes and durations. Figure 2 shows this variation along
with its extension for distances farther inland (solid line). The extension
used additional data of the same type as used by Schwarz. Another relation
derived from the same type of data (Schoner 1968) is shown by the dashed
line. We have adopted Schwarz's relation with the extension for use in the
present study. It shows no decrease in rainfall for the first 50 n.mi. (93
km) inland from the gulf coast, a smooth decrease to 80 percent at 205 n.mi.
(380 km) inland, and 55 percent at 400 n.mi., (740 km) inland,

We applied the adjustment for distance from the coast to tropical storm
rainfall (all area sizes and durations) transposed within the region where
the maximum persisting 12-hr 1000-mb (100-kPa)} dew point temperature charts
(Environmental Data Service 1968) indicate no variation. When transposing
rainfalls nearer to the coast, the values are increased. 1In the same way,
they are decreased when transposed farther inland.

2,4.5 Large-Area Rainfall Adjustment in the Gentle Upslope
Region

This report did not apply an elevation adjustment when transposing storms
within limited differences in elevation (section 2,3.6). However, in the
gently rising terrain west of the Mississippi River to the generalized initial
steep slopes in the western portion of the study region (fig. 3) patterns
of tentative PMP were not consistent with patterns in the guidance material
discussed in section 3,1, The guldance material indicated a greater decrease
in areal rainfall toward the west in the gentle upslope region.
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Storm Rainfall (Corps of Engineers, U.S. Army 1945-) in the gentle upslope
region was analyzed regionally. In this analysis the data were stratified
and adjusted to eliminate variations due to distance from the moisture source
and moisture avallability in the record storms. The results showed a signifi-
cant decrease toward the west in both the extremes of record and the averages
of the three greatest values. Stratification of the rainfall by area size
showed a decided trend toward greater decrease for large-area rainfall than
for small.

The greater decrease for large-area rainfall can be the result of several
factors. For small areas, a narrow band of inflowing moisture from the Gulf
of Mexico can be important to extreme rainfalls, The intense center of the
June 14-17, 1965 storm (No. 96) was associated with such a moisture band
(Schwarz 1967), For larger areas, the broader and more persistent moisture
bands are much more difficult to maintain, particularly inte higher elevations
of the gentle upslope region. -Another factor of importance is the scattering
of small hills and ridges throughout the region. These stimulate local rain-
falls that are important to small-area storms. The decrease in available
moisture with increasing elevation in the gentle upslope reglon is thus more
important for large-area rainfalls.,

With the evidence from rainfall data of various kinds and meteorological
analyses within the gentle upslope region, we decreased large—area rainfalls
when transposing to higher elevations and increased them when transposing
to lower elevations., Storm depths for 1,000 mi2 (2,590 km? ) or less were
not adjusted.

The adjustment is based on the variation in precipitable water with height
in the atmosphere for the maximum 12-hr persisting dew point in the storm
location and in the transposed location, The adjustment ranges between 6
and 10 percent per 1,000 ft (305 m) change in elevation, depending on the
elevation of the storm and the maximum dew point. This adJustment was applied
to rainfall for all area sizes greater than 1,000 m12 (2,590 km?2 ). Any dis-
continuity introduced in PMP at 1,000 mi2 (2, 590 km? ) was eliminated by the
various consistency checks (see section 3.3).

There are a number of major large—area storms in the gentle upslope region
with limits of transposition east of the Mississippi River - beyond the
boundaries of the gentle upslope region. In calculating the adjusted rainfall
for the eastward transposition of these storms, the adjustment for gentle
upslope was not applied. In all such cases the small change in elevation
would have altered the total storm adjustment by less than 4 percent,

2.4.6 Example of Storm Adjustments

The rainfall of the May 6-12, 1943 storm (No. 77), centered at Warner,
Okla., is used to demonstrate computation of storm adjustments.

The representative storm dew point (section 2.3.3) is located 225 mi
(362 km) south-southeast of the rain center. Figure 4 depicts the areas
enclosed by the 3- and 9-in. (76— and 229-um) isohyets, the storm's
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transposition limits {(dashed lines), and the location of the representative
storm dew point, A% with all major storms, the adjusted rainfall was com-
puted when transposed to the most distance points, in this case A, B, C,

and D, Table 2 lists requlred data and computations necessary for calculating
the moisture maximization and transposition adjustments. Table 3 lists addi-
tional data and computations for the gentle upslope adjustment.

In our example, we will compute the adjusted storm rainfall for 20,000
miZ (51,800 km2) and a duration of 24 hours where the storm occurred (in
place) and for points A, B, C, and D, From the appendix, the observed storm
depth is 6.1 in. (155 omm).

The first step is to find the maximum 1000-mb (100-kPa) 12~hr persisting
dew point (section 2,3.4) at the given distance and direction from each
location (in place, A, B, C, and D). The storm dew point occurred on the
10th of May. Introducing the 15-day transposition into the warm season
(section 2.3.4), the maximum 1000~mb (100-kPa) 12-hr persisting dew points
(Environmental Data Service 1968) for May 25 are 77, 75, 73, 78, and 76°F
(25.0, 23.9, 22.8, 25,6 and 24.4°C), respectively, for the storm in place
and for the points A, B, C, and D (table 2, col. 1). The corresponding pre-
cipitable water (wp) values up to 200 mb (20 kPa) (U.5. Weather Bureau 1951)
are shown in table 2, col. 2.

The second step is to compute adjustment factors for maximum moisture and
transposition (table 2, col, 3a and b)., The product of these factors, all
that is required for most storms, is shown in table 2, col. 4,

The next step is to consider adjustment for gentle upslope (section
2,4,5). Two of the transposed locations -~ A and D —— are in this region.
From a generalized topographic map, the elevation of the rainfall center
and that of location D are approximately the same (table 3, col. 2); thus,
no further adjustment is required for D. Location A is 1,000 ft (305 m)
higher than the storm center in place. The increased elevation at A gives
a downward adjustment of 8 percent per 1,000 ft (305 m) accounting for the
loss of available Vp between 1,000 and 2,000 ft (305 and 610 m) for this
maximum wp, The total storm adjustment for location A is the product of
the adjustment factor (col. 1) and gentle upslope factor (col. 3) shown in
table 3. Multiplication of the appropriate factors by the storm's observed
depth results in the adjusted depths shown in table 3, col. 4.

Were this a tropical storm then an alternate to the dew point transposition
adjustment may apply. The alternate, an adjustment for distance-from-coast
is described in section 2.4.4.

3. DETAILS OF ANALYSIS
3.1 Minimum Envelopes
All availlable storm rainfall values that could possibly give highest or

near highest values were adjusted and transposed. A total of 30 maps were
then prepared showing these highest values, either from adjusted storms in



Table 2.--Example of computations of moisture maximization and transposition adjustments. [Warmer,
Okla. storm, May 6-12, 1943 (51,800 km3} 24 hours)

oy (2) (3) (4)
“p
1000 mb (100 kPa) Max. moist. and
Maximum to _ Adjustments trans. adjust-
dew point 200 mb (20 kPa) {a) (b) ment faector
location °F °C) in. {om) (moisture max.) {(transposition) (col. 3a x col. 3b)
w_ (max.)
in place 77 (25.0) 3.191 (81.05) Wp (stormt) = g.%gé ----- 1.41
p -
w_ (max.) w_ {(max.A)
* b, _ 3.191 P - 2.89%6
A 75 (23.9) 2.896 (73.56) w§ (storm) > 768 wp ) 3191 1.28
w_ {(max.) w_ (max.B)
p o 3.191 p - 2.626
B 73 (22.8) 2.626 (66.70) wp Tatomm) 5 268 wp ) 3.191 1.16
w_ (max.) wv_ {(max.C)
p - 3.191 ) - 3.349
C 78 (25.86) 3.349 (85.06) Wp (storm) > 268 Wb (max.) 3.191 1.48
v (max.) w_ (max.D)
P _3.19 p _3.041
D 76  (24.4) 3.041 (77.24) wb (storm) ~ 2.268 wp TR 3101 1.34

* Points to which storm was transposed (see fig. 4).
¥ Storn dew potnt is 70°F (21.1°C); w = 2.268 in. (57.61 mm).

LT



Table 8.--Example of total storm adjustments. [Warner, Okla., storm, May 6-12, 1943 for 20,000 mi2
(51,800 km2) 24 hours ]

- () (2) (3) (4)
Adjustment factor
(for moisture max- Adjusted 20,000 mi2
imization and trans- Elevation in gentle Gentle upslope (51,800 km?) 24-hr
pesition, from upslope region adjustment deptht
Location table 2, col. 4) ft (m) factor in. {mm)
in place - 1.41 1,000 (305) none 8.6 (218)
A 1.28 2,000 {610) 0.92 7.2 {183)
B# 1.16 —_ —— 7.1 (180)
c# 1.48 —_— - 9.0 (229)
b 1.34 1,000 (305) none 8.2 (208)

U Observed depth for 20,000 m12 (51,800 ka) and 24 hours = 6.1 in., (155 mm).

Beyond gentle upslope region.

87
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place or transposed to their outer limits, for 10, 200, 1,000i 5,000, 10,000,
and 20,000 mil (26, 518, 2,590, 12,950, 25,900, and 51,800 km<) for durations
of 6, 12, 24, 48, and 72 hours.

Less detailed maps and analyses were prepared for 50,000~mi2 (129,500—km2)
areas to incorporate the Influence of possible extreme values for this area
size on areas < 20,000 mi2 (51,800 kmz). Similarly, rainfall wvalues out
to 96 hours were considered to take into account the effecis of these extremes
on rainfalls for durations of X 72 hours.

Smooth minimum enveloping ischyets were drawm to the data on each map.
These envelopes introduced some regional smoothing, Guidance in determining
the general shape and gradients of the analysis came from evaluating numerous
other kinds of rainfall data, as follows:

a. Regional patterns of storms plotted in place. For selected areas
and durations covered by this report, two sets of maps were developed showing
the smooth envelopment of highest areal rainfalls where they occurred. One
set was based on observed values and the other on moisture maximized values,
Without storm transposition, these maps come close to representing regional
variations and gradients of actual storms. The magnitude of PMP must still
be determined after storm transposition.

Figures 5 and 6 are examples of data and analyses of observed and
moisture maximized rainfall respectively for 10,000-mi2 (25,900—km2) areas
for 24-hr duration. Storms are identified in tables on both figures. (Many
of these storms do not appear in the appendix since transposition of storms
give far greater depths.,) Figure 5 shows a steep rainfall gradient in central
Texas, A similar gradient was maintained in the final product. The trend
for higher moisture maximized values (fig. 6) in the Northern Plains States
relative to values to the east and west was also maintained in the PMP.

b. Greatest monthly precipitation. Useful guldance, especially appropri-
ate for the larger areas and longer durations, came from a map showing the
one greatest average monthly rainfall of record for the period 1931-60 for
each State climatic division (U.S. Weather Bureau 1963). These averages are
the average of station precipitation within each division for each month
of record., The highest of the 360 averages for each division were plotted
on a map and analyzed, The data, rounded to the nearest inch for convenience,
and the analysis are shown in figure 7.

The smooth analysis takes into account moisture sources and does not
allow extreme variation in gradients., The orographically increased 12-in,
{305-mm) rainfall for the Black Hills, South Dakota area has been undercut,
Some noteworthy features of the map are:

1. Some of the greatest depths along the east slopes of the Appalach-
lans are approximately of the same magnitude as those along the Atlantic
coast.
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3s sw 1-23 6/2-6/1021 89 NB 9-54 9/11-12/1954
36 MR 4-21 6/17-21/1921 90 ONT 10-54  10/14-15/1954
37 M a-12 9/8-10/1921 01 NA 2-22A  B/17-20/1955
38 52 3-16 9/13-17/1924 02 ONT 6(2)-57 6/27-30/1957 LEGEND
40 OUF 9(4)-24 9/29-10/1/1924 94 - - 9/11-13/1961
4l oM 4-21 5/25-29/1925 o5 NB 3-62 4/1/1962 RAINFALL CENTER 2+50
42 MR 4-24 9/17-19/1926 a7 SH 3-24 9/19-24/1067
43 MV 4-8 4/12-16/1927 o8 MAN 8-68  8/22-24/1968 5X7 DEPTH {IN.}
44 NA 1-17 11/2-4/1927 100 NA 2-24A  6/19-23/1972
A 2- 9/16-19/19
45 2-15 /16-19/1928 1 STORM INDEX NUMBERi olo

Figure 6.--Envelopment of 24-hr moisture maximized storm rainfall (in.) in place of occurrence for
10,000 mi2 (25,900 km?).
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Figure 7.--Envelopment of greatest average monthly precipitation (in.) for State elimatic divisions
(1931-60).
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2, Lower values south of Lake Erie extend southward along the west
slopes of the Appalachians.

3. Highest rainfall values are found in the lower Mississippi River
Valley.

4, There is a decrease approaching the Continental Divide,
5. There is little difference in values along the entire east coast.

There are some limitations to these mapped greatest monthly values
as guildance to regional variation of PMP. The size of the State Elimatic
divisions varies from about 500 to 36,000 mi? (1,295 to 93,200 km<),
averaging approximately 10,000 miZ (25,900 km“). All other factors being
equal, such as storm centering, etc., the larger the division, the lower
the rainfall depth. Additionally, monthly totals may not be representative
of 3-day totals.

¢. Greatest weekly rainfall, Another guide to regional patterns of
PMP, similar to the greatest monthly rainfall averages, is the greatest
weekly rainfall averages for climatic divisions, These averages were extract-
ed from tabulation of the average precipitation over each division for each
week of the period 1906-35 (McDonald 1944). Similar weekly averages are
not readily available for recent years. The climatic divisions for this
data set are different from those showing monthly precigitation. The weekly
climatic divisions vary in size from 5,000 to 65,000 mi® (12,950 to 168,300
km?) averaging about 20,000 mi2 (51,800 km2).

Figure 8 shows these highest average rainfalls for each climatic divi-
sion, As in the monthly analysis, rainfall for the division including the
Black Hills has been undercut, The enveloping lines have many of the same
features as the highest monthly precipitation map: A trough of low values
in the Great Lakes region, isolines oriented north-south near the Continental
Divide, and a reglon of higher values extending into the Northern Plains.,
Maximum depths occur along the gulf coast in the states of Mississippi, Ala-
bama, and Florida. The large areas and long durations detract from use of
these data but to a lesser degree than the monthly data.

d. Maximum 1-day station rainfall. Another guide to regional PMP isohyets,
especially useful for the small areas and short durations, is from maximum
l-day station rainfalls of record (Jennings 1952). These have been updated
through 1970, Figure 9 shows the highest recorded station value for each
State climatic division, The shape of enveloping lines drawn to these data
(fig. 9) gave clues to the location of tight or loose rainfall gradients.

Some features of note: An extension or bulge to the northwest into Montana,

a dip in the Great Lakes region relative to values to the east and west,

and similar magnitudes in the envelopment along the coast from southern Texas
through Florida.
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Another map (not shown) was developed of maximum observed 24-hr station
rainfall amounts (Corps of Engineers, U.S. Army 1945-). These data include
supplementary rainfall data from surveys after major storms that are often
several times greater than amounts measured at nearest regular reporting
stations. The general shape and gradients of isohyets for that map were
not greatly different from those shown on figure 9, with the exception that
the enveloping isohyets near the eastern seaboard paralleled the coast.

€. Maximum persisting dew points. Regional distribution of maximum
persisting 12-hr dew points (Environmental Data Service 1968) is an important
index to rainfall potential, Use of these charts (not shown) for storm trans-
position already to some extent incorporates their variation. Many of the
features of the dew point charts can be seen in the resulting PMP maps,
Examples are the east-west gradients in values near the western boundary
of the study area, higher values bulging towards the northwest into the North-
ern Plains, southwest-northeast orientation of ‘isolines along the Atlantic
coast, and a dip or lowering of values near the Great Lakes.

f, Station 100-yr precipitation., Maps of station 100~yr 24-hr precipita-
tion (Hershfield 1961) and 100~yr 48-hr precipitation (Miller 1964) were
inspected for useful clues to the regional variation for small area rainfall.
Frequencies are perhaps better than maximum l-day rainfalls in that differ-
ences due to varying lenmgths of record from station to station are normalized.
High 100-yr return-period precipitation centers show up along the Appalach-
ians. Other features of the frequency map are isolines paralieling the Gulf
of Mexico and Atlantic coasts, almost north-south orientation of isolines
near the eastern slopes of the Continental Divide, and lower values in the
Great Lakes region as compared to those to the east and west,

8. Reglonal patterns of other indices. Because thunderstorms, hail, and
tornadoes are often associated with major rainfalls, patterns of the occur-
rences of these phenomena can serve as indices to reglonal variation of PMP.
Regional distributions of these weather phenomena (U.S. Weather Bureau 1969)
show several important features, such as maximum occurrence in Oklahoma,

a moderately reduced occurrence along the northern Appalachians, and lines

of equal occurrences generally parallel to the Ric Grande in Texas. Regional
patterns of cloud heights as determined from radar echoes east of the Con-
tinental Divide for the period 1962-67 (Grantham and Kantor 1968) support
isolines generally parallel to the Continental Divide.

Using these indices, a regionally smooth set of minimum envelopes were
drawn to the adjusted rainfall data. Figure 10 is an example for 24 hours
10,000 mi2 (25,900 km2), Values shown, identified by storm index numbers,
are moisture maximized rainfall depths in place or at their critical trans-
posed locations,

3.2 Special Problems
3.2.1 Introduction

The analyses of minimum envelopes necessarily required some departures
to seemingly objective procedures discussed in previous sections. Such
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departures were necessary to avoid undue emphasis and/or reliance on
individual storm values obtained by storm transposition and storm adjustment,
These departures involved decisions on "how far" (with respect to transposi-
tion) and "how much" (with respect to maximization) that can only be answered
by storm experience and meteorological judgment. The most outstanding de-
partures from the objective procedures are explained in this section,

3.2,2 Adjustments Greater Than 50 Percent

The relations among various meteorological parameters that contribute to
heavy rainfalls are not yet fully understood nor measured.

Extreme increases in one parameter, say moisture, could well counteract
other important factors; therefore, total storm adjustments that increased
rainfalls by more than 50 percent were given further attention. If a storm
had an adjustment giving an increase greater than 50 percent, but its
adjusted depth was supported quite closely by surrounding storm depths with
only moderate adjustments, the high adjusted value was accepted. If a high
adjustment (greater than 50 percent) gave an amount that stood out among
all other storms in a region, this depth was undercut. Undercutting was
limited to a value obtained by multiplying the observed depth by 150 percent,

The moisture adjustments for the storms listed in the appendix give a
measure of how important this constraint is to the study. Eight of the 53
storms have moisture adjustments greater than 150 percent, ranging from 155
to 189 percent, Six of these high adjustments give rainfall depths that
are supported by other storms in the general region with adjustments less
than 150 percent., The two exceptions, storm index numbers 8 and 26, have
adjustments of 163 and 189 percent, respectively., For storm No. 8, the most
critical depth was at 20,000 mi? (51,800 kn2) for 12 hours. We used an adjust-
ment of 150 percent giving 8.5 in. (216 mm) and analyzed for this depth.

For storm No. 26, the most critical depth was at 10,000 miZ (25,900 km?2)
for 6 hours. We accepted a value of 7.5 in. (190 mm) which was supported
by other storm depths. The 7.5 in. (190 mm) is 160 percent of the observed
depth,

3.2.3 Colorado Storm, May 30-31, 1935

This storm produced two intense rainfall centers (fig. 1), one at Cherry
Creek, Colo. (No. 55) and the other at Hale, Colo. (No. 56). The Cherry
Creek depths were not used since it is near very steep slopes that could

.have increased the rainfall, Only the areal average rainfall surrounding
the Hale center was used, The record~breaking cold air mass associated with
this storm could not reasonably occur 15 days later into the warm season.
Therefore, the normal procedure of adjusting storms 15 days into the warm
season (sectlon 2.3.4) was not applied.

3.2,4 Smethport,Pa, Storm, July 17-18, 1942
The in-place moisture maximized rainfall values for the Smethport, Pa.

storm (No, 74) of July 17-18, 1942 (fig. 1), were slightly undercut for 6,
12, and 24-hr durations for 10=-mi2 (26-km2) areas. The greatest undercutting
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(7 percent) was for 6 hours. The slight undercutting avoids excessive en-
velopment of all other data in a large region surrounding the Smethport
location,

3.2,5 Yankeetown, Fla. Storm, September 3-7, 1950

The last exception deals with the rainfall! associated with the Yankeetown,
Fla. storm (No. 85) of September 3-7, 1950. TInland transposition of this
storm incorporates the distance-from-coast adjustment already discussed,
This storm is important because it provides the greatest observed rainfall
depths in the United States for areas from 10 to 2,000 mi2 (26 to 5,180 km2)
and durations from 18 to 72 hours,

The outstanding rains of the Yankeetown storm have been attributed to
the looping track of the hurricane just off the western coast of Florida,
causing the downpour to be concentrated in space. Looping has been observed
in many tropical storms along the Atlantic and gulf coasts, summarized by
Cry (1965) and updated. For the period 1901-76, 58 storm tracks show looping
or points of recurvature (the latter having an equivalent effect as looping
in concentrating rainfall if the storm is moving slowly) over water or land
surfaces within 60 n.mi., (111 km) of the coast from Brownsville, Tex., to
Eastport, Maine. It is assumed that if other major rain-~producing tropical
storms had looped or recurved while crossing the coast, the resulting areal
rainfall would have been more concentrated.

A partial check of this assumption was made by computing hypothetical areal
rainfall depths for two major gulf coast tropical storms (Hurricane Carla,
September 10~13, 1961, and the hurricane of August 6-9, 1940) assuming they
had looped near the coast. The forward speed of each storm was reduced to
the speed of the Yankeetown storm. Assuming the rainfalls in these storms
were then closely associated with the storm tracks, recomputation of rain
depths gave values of approximately the same magnitude as the Yankeetowm
storm.

It can be hypothesized that the Yankeetown rainfall (centered near latitude
29°N on the west coast of Florida) was enhanced because air trajectories
from both the Gulf of Mexico and the Atlantic Ocean allowed greater transport
of moisture into the storm than would be possible along other sections of
the gulf coast. To check this hypothesis, the moisture inflow associated
with Easy (the storm giving the Yankeetown rainfall) was compared with that
of two other tropical storms, Carla (September 1961) and Beulah (September
1967). These were large rain producers near the ccast of Texas.

Lacking psychrometric data over the water surface, the portion of the
tropical storms that extended over land during the period of heavy rainfall
were examined. Dew points were compared, both at the surface and 850-mb
{85-kPa) level, at equal distances from the centers of each hurricane. Both
Carla and Beulah recorded approximately the same or higher dew points than
those found in Fasy. The rate of drying in Easy as the moist air from the
Atlantic Ocean flowed westward over land was approximately the same as that
in the westward flow of moist air from the Gulf of Mexico for Carla and Beulah,
Because of these considerations, it was decided to transpose the Yankeetowm
rainfall along the entire gulf coast of the United States.
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The northward transposition limits of Yankeetown along the Atlantic coast
has been set as Cape Hatteras, N.C. Remaining is the problem of determining
the adjustment for transposition to this point. If no downward adjustment
is used, there would be either a large over—envelopment of all other storm
rainfall data along the coast or an extreme gradient to the north of Cape
Hatteras. The standard transposition adjustment based on maximum dew points
extended over the ocean surface (U.S. Weather Bureau 1952) would give no
decrease to Cape Hatteras since the 78°F (25.6°C) value (the highest maximum
dew point considered) is located north of this point.

As an alternate, the variation in sea~surface temperatures was used. These
temperatures, with some overland modification, set upper limits to the amount
of water vapor the atmosphere can hold. Both the mean and 95th percentile
sea-surface temperatures (U.S. Naval Oceanographic 0Office 1967) were analyzed
for September, the month of the Yankeetown storm. The temperatures were
averaged within 400-mi (644~km) diameter circles off the coast from 29° to
38° N latitude., This size circle covers an area considered representative
of the area from which a large tropical cyclone could process moisture in
24 hours (Gilman and Peterson 1958). The average temperature determined the
precipitable water (w,) assuming saturation and a pseudo-adiabatic lapse rate
through the atmosphere. Figure 11 shows the relation between latitude and
wp 1n percent of the w_, value at 29°N latitude. A relation based on the
average of the wp for Ehe mean temperature and the 95th percentile temperature
was the basis for adjustment of the Yankeetown storm., This gives a 15-percent
reduction for transposition to Cape Hatteras, Transpositions farther to the
north using this relation gives wvalues that are consistent with other adjusted
storm depths,

The latitudinal adjustment for Yankeetown was also applied to the trans-
position of all tropical storms located near the Atlantic coast south of Cape
Hatteras, N.,C, None of these storms, so adjusted, affected the minimum
envelopes,

3.3 Consistency Checks
3.3.1 Introduction

The minimum PMP maps (fig. 10) were checked for consistency. Ancmalies
to smooth regional patterns of PMP were eliminated unless there was a
meteorological explanation., Consistency in depth duration and depth areal
relations at various locations in the study region was maintained. The
checks usually resulted in raising the minimum PMP values, although envelop-
ment was minimized.

For the checks, a 2~by-2 degree latitude and longitude grid (154 points)
was established., Values were read for each grid point from the minimum FPMP
maps. Computer techniques aided in processing the large volume of data.
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Figure 11.--Adopted transposition adjustment along the Atlantic coast for
the Yankeetoun, Fla. storm, September 3-7, 1850.

3.3.2 Variation of Incremental PMP with Area Size

A constraint in this study was to maintain the same or lesser incremental
PMP with Increasing area size, For example, the incremental PMP from 12-
to 18«hr duration (PMP for 18 hr minus PMP for 12 hr) could not increase
with increasing area size. Individual storm depth-area-duration (D-A-D)
relations can and do show increasing incremental rainfall with increasing
area size. This is so because control of the D~A-D curves of rainfall
can coe from several different centers for, say, the 12- and 18-hr maximum
areal rainfall depths. Accepted application of PMP to a drainage has been
through use of incremental PMP iscohyets. Such isohyets would not have
internal consistency if incremental PMP increases with increasing area
size.
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3.3.3 Consistency in Depth-Area-Duration Relations

Depth-area-duration (D-A-D) plots of PMP, with area and with duration as
the third parameter, were made for each of the 154 grid points and then
smoothed. Figure 12 is an example of depth-duration smoothing and figure
13 an example of depth-area smoothing., These examples show the final values
after all adjustments were applied. For these plots, depth was expressed
in percent of the rainfall for 10 miZ (26 km2) for 72 hours.

Analyses of the 308 D-A-D plots flagged inconsistencies such as incremental
PMP increasing with increasing area size or incremental PMP for a certain
area size not decreasing with duration, They also ensured smooth envelopes
of D-A~D rainfall values, Such smoothness takes into account the strong
probability that nature has not provided maximum depths for the entire range.
of areas and durations covered by this report.

3.3.4 Cross Section Checks

Another check was made on the gradients of PMP along cross sections of
the study region. Gradients established by use of guidance material (section
3,1) and the just described D-A-D smoothing did not necessarily correct
regional inconsistencies,

S5ix north-south and five east-west cross sections of PMP depths were
made running aleng the 103°, 97°, 91°, 85°, 79° and 71° longitude and the
47°, 43°%, 39°, 35°, and 31° latitude lines. Two types of plots were made.
In the first set, durations were held constant allowing checks on con-
sistency of areal rainfall magnitudes. An example of this type is given
in figure 14. In the second type, areas were held constant while durational
values were checked, An example of these cross sections is figure 15.

3.3.5 Rainfall Difference Check

Another check was on the differences in PMP between standard durations
and between standard area sizes. At each of the 154 grid points, the differ-
ence between 24-hr PMP and the 6-hr PMP and the difference between the 72-
hr PMP and the 24-hr PMP were computed for each of three area sizes [10,
1,000, and 20,000 mi2 (26, 2,590, and 51,800 kngl. Likewise areal differ-
ences in PMP [10-mi2 (26-km2) PMP minus 1,000-mi? (2,590-km2) PMP and
1,000-mi2 (2,590-km2) PMP minus 20,000--::11i (51,800-km?) PMP] were computed
for each of three durations (6, 24, and 72 hours). Mapped values of these
differences were analyzed and PMP maps modified when inconsistent differences
occurred from one location to another. An example of final differences
between 24— and 6~hr values for 20,000 mi (51,800 km?) is shown in figure
16.

3.3.6 Rainfall Ratio Check

We alsc maintained consistency in regional trends of durational rainfall
ratios (6/24 and 24/72 hour) for areas of 10, 200, 1,000, 5,000, 10,000,
and 20,000 mi2 (26, 518, 2,590, 12,950, 25,900, and 51,500 km2). Similarly,
we maintained consistency in regional trends of areal rainfall ratios
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(20,000/1,000, 20,000/10, 10,000/10, and 1,000/10 wi? (51,800/2,590,
51,800/26, 25,900/26, and 2,590/26 km2)] for durations of 6, 24, and 72 hours.
These ratios were allowed to vary from region to region; however, smooth
transitions were maintained.

3.3.7 PMP Maps

Modifications made for any one of the consistency checks (sections 3.3.2
to 3.3.6) necessarily required replotting and reanalysis of PMP, The result-
ing PMP maps covering durations of 6, 12, 24, 48, and 72 hours for areas
of 10, 200, 1,000, 5,000, 10,000, and 20,000 miZ (26, 518, 2,590, 12,950,
25,900, and 51,800 km?) are given in figures 18 through 47,

4. EVALUATION OF GENERALIZED PMP CHARTS
4.1 Degree of Envelopment

Evaluation of how much effect storm transpesition and modifications due
to consistency checks have on the PMP estimates is of interest. For such
an evaluation, the magnitudes of moisture maximized storm depths where they
occurred (in place) were compared with the PMP estimates for these locations.
The comparison of in-place values rather than transposed values circumvents
the judgmental decisions on storm transpositions and adjustments.

Table 4 lists the storms that have in-place moisture maximized rainfalls
within 10 percent of PMP. Observed maximum areal average rainfall depths
for these storms are found in the appendix. Only the most critical rainfall
depth (for the duration and area coming closest to PMP) was used in the
table, The table also gives the moisture adjustment for each storm.l

Table 4 shows that four storms give in-place moisture maximized rainfall
greater than PMP, Three of these storms (Nos. 2, 51, and 77) were undercut
by < 2 percent. The moisture maximized depth for the storm (No. 2) of
May 30-June 1, 1889 {20,000 mi? (51,800 km2) for 48 hours] of 11.4 in.

(290 mm) was undercut by 0.2 in. (5 mm). Similarly for the storm (No. 51)

of September 16-17, 1932, the depth [10,000 miZ (25,900 kmz) for 12 hours]

of 7.0 in. (178 mm) was undercut by 0.1 in. (2.5 mm), and the depth for the
storm (No. 77) of May 6-12, 1943 [20,000 miZ (51,800 km2) for 48 hours] of
14,1 in, (358 mm) was undercut by 0.1 in. (2.5 mm). Because of smoothing

and other constraints to PMP, increasing the values for these area sizes

and durations by only 0.1 or 0.2 in, (2.5 or 5 mm) means much more significant
envelopment at other areas and durations., This is particularly so with regard
to the constraint on incremental PMP with respect to increasing area size
{section 3.3.2),

1The cases with moisture adjustments greater than 150% are supported by
rainfalls in other nearby storms with adjustments less than 150% (section
3.2.2).
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Table 4.--Storms that give moisture maximized rainfall within 10 percent of
PMP for at least one area sisze and duration.

In-place Ratio:

Storm Storm Moisture Moist. Max.

Index No. Assignment No. Date Adi. (%) Rainfall*/PMP
(sea fig.l)

74 OR9-23 7/17-18/1942 110 1.07
2 SAl=1 5/30-6/1/1889 163 1.02
51 NAl-20B 9/16-17/1932 127 1.01
77 SW2~20 5/6-12/1943 141 1.01
88 SW3-22 6/23-28/1954 116 1.00
3 MR4~3 6/4-7/1896 155 1.00
47 LMV2-20 3/11-16/1929 134 1,00
85 SA5-8 9/3-7/1950 110 1.00
14 UMV2-5 6/9-10/1905 148 .99
7 GM3-4 6/27-7/1/1899 116 .98
87 MR10-8 6/7/1953 171 .98
42 MR4=24 9/17-19/1926 134 .98
22 UMV1-11A 7/18=-23/1909 134 .98
68 NA2-4 9/1/1940 122 .98
97 SW3-24 9/19-24/1967 116 W97
69 SW2-18 9/2-6/1940 141 .97
54 IMV4~21 5/16-20/1935 128 .97
8 LMV2~5 4/15-18/1900 150 .97
1 OR9=19 9/10-13/1878 122 .97
100 NA2-24A 6/19-23/1972 121 .97
20 SWl-11 10/19-24/1908 163 .95
53 sw2-11 413-471934 149 .94
11 GL4-9 10/7-11/1903 144 o 94
56 —_— 5/30-31/1935 122 .93
26 1MV3-19 3/24-28/1914 150 .93
A NA1-17 11/2-4/1927 148 .93
65 - 6/19~20/1939 128 .92
86 MR10-2 7/9-13/1951 128 91
17 GCM3-14 8/4-6/1906 121 .91
67 MR4-5 6/3-4/1940 163 .90

*

For the standard area size and standard duration giving the highest

ratio .
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Of more concern was the undercutting of the July 17-18, 1942 storm (No.
74) centered at Smethport, Pa. This storm's in~place moisture maximized
10-miZ (26-kn2) 6-hr depth of 27.2 in. (690 mm) is undercut by 7 percent,
Without this undercutting there would be excessive envelopment in a large
region surrounding the Smethport location for numerous area sizes and
durations.

Figure 1 identifies the 30 storms listed in table 4. One of these storms
(No. 97) 1s centered outside the study region. This storm is included because
it produced important large-area rainfalls that extended into the United
States. Considering deficiencies in the total storm sample, the distribution
of the 30 storms indicates reasonably comparable PMP over the study region.

In our judgment, these comparisons indicate that envelopment and smoothing
steps did not raige the PMP values excessively,

4.2 Use of PMP for all Durations in one PMP Storm
4,2.1 Introduction

In application of the all~season PMP values, a concern is whether PMP for
all durations for any given area size can occur in ome PMP storm. It is
possible that the storms controlling at short durations could be different
in type or season than those controlling at long durations. If this should
be the case, use of PMP values for all durations in one PMP storm would be
unrealistic. A test was made to determine if such cross season or different
storm type control exists for a given area size, We labeled this test "storm
commonality."

4.,2.2 Storm Commonality Test

A clearcut solution of the problem would be to type each storm used in
the report. The difficulty with this approach is that whatever typing system
is used, many storms would not easily fit into distinct types. This is par-
ticularly so because we are dealing with extreme events that are difficult
to categorize just because they are rare,

Storm rainfall data were surveyed to see if within seven regions the great-
est or near greatest depths for three durations (6, 24, and 72 hours) came
from the same storm. Each standard area size [10, 200, 1,000, 10,000, and
20,000 mi2 (26, 518, 2,590, 25,900, and 51,800 kmi)] was considered separctely.

Boundaries for the seven regions are shown in figure 17, For each zone
and area size, all the moisture maximized rainfall depths that came within
15 percent of the greatest depth for each duration were determined. TIf among
these data a common storm showed up for all three durations, we assumed
"storm commonality" was fulfilled,

0f 35 cases (7 regions and 5 area sizes), 26 met the commonality require—
ment. The nine exceptions are listed in table 5.
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Pigure 17.--Regions for storm commonality test.
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Table 5.-~Exceptions to "storm commonality”

Region Area Size
ni?  (m?)
I 10; 200 (26; 518)
II1 1,000 (2,590)
IV 200; 10,000; 20,000 (518; 25,900; 51,800)
Vi 200 (518)
VIE 200; 1,000 (518; 2,590)

Examination of these nine exceptions showed that seven of them would meet
the commonality requirement if values from different storms, still within
15 percent of the greatest value but definitively of the same storm type,
were allowed to be combined,

The two remaining exceptions are in zone IV for 10,000 and 20,000 mi2
(25,900 and 51,800 kn?)., For 10,000 mi2 (25,900 km2) we obtain storm
commonality if the criteria lowered to 19 percent of the greatest moisture
maximized depth. For 20,000 mi2 (51,800 kmz) storm commonality was obtained
if 23 percent of the greatest depth were allowed,

In the test for "storm commonality", our storm sample for some area sizes
and zones of necessity must deal with storms of less than PMP magnitude,
The thresholds set for the data samples were arbitrary; however, if full
transposition of the storms were allowed {section 2.4), the thresholds used
could have beenr much more stringent and still show "storm commonality™.

We conclude there is not undue maximization in the region covered by this
study to assume PMP for all durations can be used in one FMP storm for any
drainage size.

5. USE OF PMP CHARTS

The set of PMP maps of this report are given in figures 18 through 47.
Generalized PMP estimates for any drainage in the United States, east of
105 degrees longitude, for drainages between 10 and 20,000 mi2 (26 and
51,800 kmz) and for durations from 6 to 72 hours can be determined by follow~
ing these steps:

a. Determine the geographic location and size of the drainage undex
study. :

b. From the PMP maps (figures 18 through 47) record the average PMP depths
for the basin location. (See section 1.4.2 concerning estimates located
in stippled areas.) It is not necessary to use each PMP map, but we recommend
that PMP values from at least four of the six area sizes closest to the
basin size be considered., For these areas, tabulate PMP values for all dura-
tions, 6, 12, 24, 48, and 72 hours. Example: If the drainage covers
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11,300 mi% (29,250 km?) tabulate PMP for 1,000, 5,000, 10,000, and 20,000
mi2 (2,590, 12,950, 25,900, 51,800 kn2) for 6, 12, 24, 48. and 72 houts.

c. Plot the PMP depths on semilog paper (depth vs, area). Draw smooth
duration curves through the plotted data points {as in fig. 13, except that
the depths should be plotted directly in inches),

d., From the depth-area-duration graph of step ¢, determine the PMP depths
at the basin size for each duration.

e, Plot these basin area PMP values on linear graph paper (depth vs.
duration). Draw a smooth curve comnnecting these points, Interpolate along
this curve to obtain PMP depths for other durations, if required.

NOTE: To determine PMP for a basin located in one of the Gulf Coast States
south of the last PMP isoline shown (for example, a basin in Florida), use
the PMP values given by the southernmost isclines.
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